Multiple benzene-formation paths in a fuel-rich cyclohexane flame by Li, Wenjun et al.
University of Nebraska - Lincoln 
DigitalCommons@University of Nebraska - Lincoln 
US Department of Energy Publications U.S. Department of Energy 
2011 
Multiple benzene-formation paths in a fuel-rich cyclohexane flame 
Wenjun Li 
North Carolina State University, Raleigh, NC 
Matthew Law 
University of Massachusetts, Amherst, MA 
Phillip Westmoreland 
North Carolina State University, Raleigh, NC 
Tina Kasper 
Sandia National Laboratories, Livermore, CA 
Nils Hansen 
Sandia National Laboratories, Livermore, CA 
See next page for additional authors 
Follow this and additional works at: https://digitalcommons.unl.edu/usdoepub 
 Part of the Bioresource and Agricultural Engineering Commons 
Li, Wenjun; Law, Matthew; Westmoreland, Phillip; Kasper, Tina; Hansen, Nils; and Kohse-Höinghaus, 
Katharina, "Multiple benzene-formation paths in a fuel-rich cyclohexane flame" (2011). US Department of 
Energy Publications. 122. 
https://digitalcommons.unl.edu/usdoepub/122 
This Article is brought to you for free and open access by the U.S. Department of Energy at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in US Department of Energy 
Publications by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln. 
Authors 
Wenjun Li, Matthew Law, Phillip Westmoreland, Tina Kasper, Nils Hansen, and Katharina Kohse-Höinghaus 
This article is available at DigitalCommons@University of Nebraska - Lincoln: https://digitalcommons.unl.edu/
usdoepub/122 
Multiple benzene-formation paths in a fuel-rich cyclohexane flame
Wenjun Li a, Matthew E. Law b,c,1, Phillip R. Westmoreland a,b,⇑, Tina Kasper c,2, Nils Hansen c,⇑,
Katharina Kohse-Höinghaus d
aDepartment of Chemical and Biomolecular Engineering, North Carolina State University, Raleigh, NC 27695, USA
bDepartment of Chemical Engineering, University of Massachusetts, Amherst, MA 01003, USA
cCombustion Research Facility, Sandia National Laboratories, Livermore, CA 94551, USA
dDepartment of Chemistry, Bielefeld University, D-33615 Bielefeld, Germany
a r t i c l e i n f o
Article history:
Received 30 November 2010
Received in revised form 28 February 2011
Accepted 25 March 2011
Available online 30 April 2011
Keywords:
Cyclohexane
Benzene
Mechanism
Oxidation
MBMS
Aromatics
a b s t r a c t
Detailed data and modeling of cyclohexane flames establish that a mixture of pathways contributes to
benzene formation and that this mixture changes with stoichiometry. Mole-fraction profiles are mapped
for more than 40 species in a fuel-rich, premixed flat flame (/ = 2.0, cyclohexane/O2/30% Ar, 30 Torr,
50.0 cm/s) using molecular-beam mass spectrometry with VUV-photoionization at the Advanced Light
Source of the Lawrence Berkeley National Laboratory. The use of a newly constructed set of reactions
leads to an excellent simulation of this flame and an earlier stoichiometric flame (M.E. Law et al., Proc.
Combust. Inst. 31 (2007) 565–573), permitting analysis of the contributing mechanistic pathways. Under
stoichiometric conditions, benzene formation is found to be dominated by stepwise dehydrogenation of
the six-membered ring with cyclohexadienyl¢ benzene + H being the final step. This finding is in accor-
dance with recent literature. Dehydrogenation of the six-membered ring is also found to be a dominant
benzene-formation route under fuel-rich conditions, at which H2 elimination from 1,3-cyclohexadiene
contributes even more than cyclohexadienyl decomposition. Furthermore, at the fuel-rich condition,
additional reactions make contributions, including the direct route via 2C3H3¢ benzene and more
importantly the H-assisted isomerization of fulvene formed from i-/n-C4H5 + C2H2, C3H3 + allyl, and
C3H3 + C3H3. Smaller contributions towards benzene formation arise from C4H3 + C2H3, 1,3-C4H6 + C2H3,
and potentially via n-C4H5 + C2H2. This diversity of pathways is shown to result nominally from the tem-
perature and the concentrations of benzene precursors present in the benzene-formation zone, which are
ultimately due to the feed stoichiometry.
 2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction
Recent reviews by Wang [1] and Bockhorn et al. [2] emphasize
that there is strong continuing practical and conceptual interest in
soot-formation chemistry in combustion environments. Despite
decades of combustion research, fundamental challenges remain,
especially in the context of soot precursor chemistry. In this re-
spect, a better, science-based understanding of aromatics forma-
tion and of the subsequent molecular-weight growth reactions in
combustion is critically needed for further development of models
for soot formation.
A recent comparison of benzene formation in fuel-rich flames
(/ = 1.7) of isomeric cycloalkanes (cyclohexane and methylcycl-
opentane) and acyclic alkenes (1-hexene and 3,3-dimethyl-1-bu-
tene) revealed that fuel structure has an influence on how
benzene is formed [3]. The striking differences in the mix of differ-
ent benzene-formation routes observed in that work call for a bet-
ter mechanistic and quantitative understanding. To this end, the
present work applies new data and a newly developed chemical
kinetics model to a fuel-rich (/ = 2.0) cyclohexane flat flame to
determine the balance of benzene-formation routes from cyclo-
hexane at pollutant-forming conditions. Taken together with the
practical importance of cycloalkanes in petroleum and petro-
leum-derived liquid fuels [4] and cycloalkane use in surrogate fuels
[5–7], a focused analysis of the flame chemistry of cyclohexane is
timely.
Cyclohexane combustion has been studied previously in a vari-
ety of experiments including flat flames with molecular-beam
mass spectrometry (MBMS) [3,8], jet-stirred reactors [9,10], coun-
terflow diffusion flames [11], rapid-compression machines [12],
co-flow non-premixed flames [13,14], shock tubes [15–17],
0010-2180/$ - see front matter  2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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cylinder engines [18], very-low-pressure-pyrolysis (VLPP) reactors
[19], and static reactors [20]. Mechanistic models based on detailed
chemistry have been proposed [5,8,20–25] to explain these exper-
imental data.
A particularly interesting feature observed for cyclohexane is
that it has been shown to form benzene by sequential dehydroge-
nation steps of H-abstraction from the C6-ring molecule and H loss
from the resulting radical by b-scission [8]. This route constitutes
an alternative benzene-forming path to benzene formation from
small radicals like C3H3, C3H5, or i-C4H5 that is found to be typical
in many flames [3,26]. The dehydrogenation process was proposed
by Zeelenberg and Bruijn [27], and there has since been evidence
for its occurrence in the combustion of cyclohexane [3,8–
10,12,18,21,22], cyclohexene [12,14,28,29], 1,3-cyclohexadiene
[12,14], 1,4-cyclohexadiene [12], and methylcyclopentane [3].
In this study, newly measured mole-fraction profiles from a
fuel-rich cyclohexane flame (/ = 2.0) are used in conjunction with
profiles from the previously studied stoichiometric cyclohexane
flame [8] to unravel the effect of stoichiometry on the importance
of various benzene-formation pathways. Combined with detailed
flame-chemistry modeling, the results show that stepwise dehy-
drogenation dominates benzene formation in both flames. In addi-
tion, small radicals like C3H3, allyl, and i-C4H5 make substantial
contributions in the fuel-rich flame, which is in contrast to the stoi-
chiometric flame. While all aromatic-ring species are considered as
the possible first aromatics, benzene is shown clearly to be
dominant.
2. Experimental procedures
A fuel-rich cyclohexane/O2/30% Ar flame (/ = 2.0) is stabilized
on a water-cooled, porous stainless-steel, McKenna-type burner
in a low-pressure reaction chamber at 40.0 mbar (30.0 Torr). The
cold-flow velocity of the unburned gases is 50.0 cm/s at 298 K
and the mass-flow rate is 3.28  103 g/cm2/s. The gas flows are
controlled with calibrated mass flow controllers, and the flow of
cyclohexane is metered by a syringe pump, evaporated, and quan-
titatively added into the gas stream.
The apparatus and procedures used to study the chemical com-
position of this flame have been detailed in several previous papers
[30–34]. In short, mole-fraction profiles for individual flame spe-
cies are obtained by molecular-beam flame sampling using a
time-of-flight mass spectrometer at the Advanced Light Source
(ALS) of the Lawrence Berkeley National Laboratory. Flame species
are sampled through a quartz cone with an orifice diameter of
400 lm. Before the sampled gases pass into the ionization region,
the expanding beam is collimated by a 2.0-mm-aperture nickel
skimmer placed 23 mm downstream of the quartz cone. The
flame species are subsequently photo-ionized by synchrotron-gen-
erated vacuum-ultraviolet (VUV) photons over the energy range of
8–17 eV with a typical energy resolution of 0.05 eV (fwhm).
Species are identified by mass-to-charge (m/z) ratios and by
ionization thresholds from photon-energy scans at fixed burner
locations. Burner scans are performed at fixed photon energies to
measure mole-fraction profiles. The data calibration methods have
been described previously [31,32,35], where details are reported.
Major species are quantified by direct calibration. For example,
the mole fraction of C2H2 is calibrated using both C2H2/Ar at
16.2 eV and (C2H2 at 12.3 eV)/(H2O at 13.2 eV). Other minor species
are generally calibrated step-by-step using their photoionization
cross sections, choosing intermediates with known mole fractions
that have already been calibrated. The precision of the quantitative
mole-fraction profiles is estimated to be within 15% for the major
species (first method of Ref. [35]), 30% for intermediates with reli-
ably measured photoionization cross sections, and approximately a
factor of two or larger for other intermediates with unknown cross
sections, where cross sections are estimated from those of similar
molecules or by the method of Koizumi [36]. The partial-equilib-
riummethod, well established in flame science [37], is used to con-
vert the photoionization MBMS data for H and the laser-induced-
fluorescence data for OH into mole fractions, giving an uncertainty
close to that of the major species; detailed procedures for this
method are provided in the Supplemental material. Where new
cross-section data are available, the stoichiometric-flame data of
Law et al. [8] are updated as well.
In total, mole-fraction profiles are measured as function of dis-
tance from the burner surface for more than 40 flame species rang-
ing from m/z = 1 (H-atom) to m/z = 106 (xylenes). All identified
flame species are listed in Table 1. Also listed are the photon ener-
gies used for detection of the individual species and their respec-
tive photoionization cross-section used for quantification.
Individual peak mole fractions and positions are also given in Ta-
ble 1. The full set of experimental mole-fraction data is provided
in the Supplemental material.
With the intent of correcting for probe perturbation [47,48] and
to match axial positions of the experimentally determined mole-
fraction profiles with the modeling results, the experimental
mole-fraction profiles are shifted by 2.0 mm toward the burner
surface.
The temperature profile is measured in a flame undisturbed by
the probe cone using OH laser-induced fluorescence near 306 nm,
as described in Hansen et al. [49]. The burner surface temperature
is assumed to be 400 K, and a smoothed profile is used as model
input. The uncertainty is estimated to be ±150 K in the post-flame
zone and possibly higher in the flame reaction zone.
The area-expansion ratio profile used in modeling is taken from
Law et al. [8].
3. Flame-chemistry modeling
The reaction set used to model the data from the newly ana-
lyzed fuel-rich cyclohexane flame and the previously published
stoichiometric flame [8] is derived from an earlier version by
Law et al. [8]. Updating the previous model is necessary in order
to achieve a better understanding of the fuel consumption chemis-
try and an accurate treatment of the small-radical chemistry. The
updated model, which is provided as Supplementary material,
now includes: (a) recent theoretical calculations regarding the
chemistry of C3H3, C3H5, and C4H5 radicals; (b) proposed ben-
zene-formation routes via C2H3 plus C4Hx species; (c) a better
description of fuel-consumption processes through H2 elimination
and isomerization; and (d) fall-off estimations using Quantum-RRK
[50,51] for C6-species reactions. The updates are summarized as
follows:
 C3H3 + H¢ C3H4 (allene and propyne) with falloff from Miller
and Klippenstein [52].
 C3H2 (propargylene) + H¢ C3H3 by Harding et al. [53], cor-
rected for falloff.
 C3H3 + C3H3 by Miller and Klippenstein [54] and Hansen et al.
[55].
 H + C4H2 (diacetylene)¢ i- and n-C4H3 by Klippenstein and
Miller [56].
 C2H3 + n-C4H3¢ C6H6 from Duran et al. [57].
 C2H3 + 1,3-butadiene ¢ C6H6 + H2 + H by Leung and Lindstedt
[58].
 i- and n-C4H5 + C2H2¢ C6H6 isomers from Senosiain and Miller
[59].
 C3H3 + C3H5¢ fulvene + 2H by Georgievskii et al. [60].
 1,3-Butadiene + O, 1,3-butadiene + OH, and i-C4H5 + H¢ C3H3 +
CH3 by Hansen et al. [55].
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 H2 elimination from 1,3-cyclohexadiene by Shandross et al. [61]
and from cyclohexene by Dayma et al. [29], corrected for falloff.
 Cyclohexane¢ 1-hexene isomerization and 1-hexene decom-
position by Kiefer et al. [17].
 1-Hexene model estimated by Yahyaoui et al. [62].
 5-Hexenyl¢ 2-hexenyl isomerization and ethyl + 1,3-butadi-
ene¢ 2-hexenyl by Silke et al. [25], corrected for falloff.
 Fall-off corrections for decompositions of cyclohexyl, hex-5-
enyl, cyclohexene, cyclohex-2-enyl, and 3,5-hexadienyl.
It is important to note that these changes to the previously used
model do not affect the overall conclusion for the stoichiometric
flame as presented in Ref. [8]. However, as will be shown in Sec-
tion 5, the updates are important for an accurate description of
the flame chemistry at the fuel-rich conditions. The present model
includes 121 species and 1017 reactions.
The flame-chemistry modeling, including multi-component dif-
fusion and thermal diffusion, is performed with the CHEMKIN-II
PREMIX [63–65] flame code, and XSenkplot [66] is used to
Table 1
Species identified in the fuel-rich (/ = 2.0) cyclohexane flame. Also given are the photon energies used for quantitative detection (measurement energies), photoionization cross
sections, and peak mole fractions x and positions as functions of distance from the burner (z) in the data and the simulation.
Mass Species Measurement energy (eV) Cross section (MB) and source Data Peak Model Peak
x z, mm x z, mm
1 Hydrogen atom, H 14.35 Xa [partial eq] 1.4E-2 9.0 1.2E-2 8.5
2 Hydrogen, H2 16.20 Xa 0.13b 2.9 0.12b 2.5
15 Methyl, CH3 11.50 5.4 [38] 3.3E-3 5.0 6.1E-3 4.5
16 Methane, CH4 13.20 5.5 [39] 1.3E-2 4.0 1.3E-2 4.0
17 Hydroxyl, OH 15.68 Xa [partial eq] 1.7E-3 8.0 2.4E-3 8.0
18 Water, H2O 16.20 Xa 2.1E-1 8.0 2.2E-1 8.0
26 Acetylene, C2H2 12.30 29.7 [40] 4.2E-2 5.5 4.6E-2 5.4
28 Ethylene, C2H4 11.50 13.5 [31] 2.5E-2 5.0 4.5E-2 3.8
28 CO 14.35 Xa 0.18b 3.2 0.17b 3.5
29 Ethyl, C2H5 10.00 13.0 [41] 4.6E-4 4.0 8.7E-4 3.2
30 Ethane, C2H6 12.30 13.2 [42] 1.9E-3 3.5 1.8E-3 3.0
30 Formaldehyde, CH2O 11.50 10.2 [43] 1.6E-2 2.5 1.3E-2 3.2
32 Oxygen, O2 16.20 Xa 0.22b 3.2 0.24b 2.9
39 Propargyl, C3H3 10.50 8.9 [44] 1.6E-3 4.5 1.4E-3 4.2
40 Argon, Ar 16.20 Xa - - - -
40 Allene, C3H4 10.00 6.6 [30] 4.0E-4 3.5 9.1E-4 3.9
40 Propyne, C3H4 11.50 42.1 [30] 8.7E-4 4.0 1.0E-3 3.9
41 Allyl, C3H5 10.50 6.1 [45] 8.1E-4 3.0 9.8E-4 3.9
42 Propene, C3H6d 11.50 13.1 [31] 2.9E-3 3.5 2.6E-3 3.6
42 Ketene, CH2COd 9.69 6.9e 2.6E-3 4.5 2.8E-3 3.8
43 Formylmethyl, CH2CHO 11.50 8.3, Estc 4.3E-4 4.0 2.7E-5 3.9
44 CO2 14.35 Xa 2.7E-2b 4.3 2.7E-2b 4.5
50 Diacetylene, C4H2 11.50 33.8 [40] 2.6E-3 5.0 4.4E-3 5.3
52 Vinyl acetylene, C4H4 10.50 33.2 [40] 1.2E-3 4.0 1.3E-3 3.9
53 C4H5f 9.69 6.7, Estc 6.5E-4 4.0 6.5E-4 3.8
54 1,3-Butadiene, C4H6 10.00 14.9e 1.3E-2 3.0 1.5E-2 3.0
55 C4H7 f 9.69 6.8 Estc 3.6E-4 3.5 1.6E-4 3.5
56 2-Butene, C4H8 9.40 5.9e,g 3.0E-4 3.0 Xa Xa
56 1-Butene, C4H8 10.00 9.4 [42] 3.6E-4 3.0 3.7E-4 2.9
65 Cyclopentadienyl, C5H5 9.69 Xa Xa Xa 6.9E-5 4.6
66 cyclopentadiene, C5H6 10.50 20.0, Estc 6.1E-4 3.5 8.6E-5 3.2
67 C5H7f 10.00 7.6, Estc 1.3E-4 4.5 Xa Xa
68 1,3-Pentadiene, C5H8 9.00 6.6e 1.4E-3 4.0 Xa Xa
68 Cyclopentene, C5H8 10.50 12.6e 3.3E-4 4.0 Xa Xa
70 2-Pentene, C5H10 9.69 14.2 [30]e 7.9E-4 3.5 Xa Xa
74 1,3,5-Hexatriyne, C6H2 10.50 7.9, Estc 6.0E-4 4.5 2.8E-4 5.9
76 Benzyne, C6H4 10.00 7.9, Estc 1.0E-4 5.0 5.0E-5 5.7
78 Fulvene, C6H6 9.09 10.0, Estc 4.0E-5 4.5 4.3E-5 3.3
78 Benzene, C6H6 10.00 24.3 [31] 5.1E-4 3.5 5.5E-4 3.9
80 1,3-Cyclohexadiene, C6H8 10.00 22.5 [42] 7.8E-4 3.0 1.2E-4 3.3
82 Cyclohexene, c-C6H10 10.00 11.6 [42] 9.9E-4 2.5 5.9E-4 1.9
84 Cyclohexane, C6H12 16.20 Xa 0.061b 2.7 0.061b 2.6
92 Toluene, C7H8 9.69 22.3 [40] 2.7E-4 5.0 2.7E-5 3.8
94 4-Methylene-cyclohexene, C7H10 9.69 8.6, Estc 4.7E-4 4.5 Xa Xa
96 3-Methylcyclohexene, C7H12 9.69 8.1, Estc 2.4E-4 3.5 Xa Xa
98 1,3,5,7-Octatetrayne, C8H2 9.69 8.4, Estc 4.4E-4 3.5 Xa Xa
102 Phenylacetylene, C8H6 9.69 44.6 [46] 1.2E-4 5.5 4.9E-6 4.5
104 Styrene, C8H8 9.69 30.6 [46] 9.2E-5 5.0 2.2E-5 3.8
106 Xylenes, C8H10 9.69 20.0 [46]e 8.2E-5 4.5 Xa Xa
a ‘‘X’’ in the table indicates that photoionization cross sections are not used for the mole fraction determination, or that experimental or modeled mole-fraction profiles are
not available.
b Cyclohexane and O2 decline monotonically, so the ‘‘Peak’’ columns are for half-maximum positions. Likewise, H2, CO, and CO2 increase monotonically, and their ‘‘Peak’’
columns are for half-maximum positions.
c ‘‘Est’’ in the table indicates that the cross-section data is estimated by Kozumi’s method [36].
d Ketene and propene have very close ionization energies (9.617 and 9.73 eV), so the two experimental profiles may have some overlap. Note that ketene is predicted to be
a factor of three higher than propene.
e B. Yang, T.A. Cool, unpublished cross-section data, private communication.
f Species not identified unambiguously due to isomers with similar ionization energies.
g Cross sections are for the trans-isomers, assuming cis- and trans-isomers have similar cross sections.
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post-process the modeling results. The XSenkplot code is adapted
to give absolute reaction rates (rather than rates divided by den-
sity, in the original code), and reaction fluxes are computed by
integrating with respect to distance (rather than with respect to
time, which was used in the original code).
4. General model performance
In this section, we compare the experimentally determined
mole-fraction profiles with the modeled mole-fraction profiles
and discuss the quality and the predictive capability of the updated
combustion chemistry model. First, results are shown for the new-
ly analyzed fuel-rich flame (Sections 4.1–4.3). Second, mole-frac-
tion profiles of the previously studied [8] stoichiometric
cyclohexane flame are compared with the latest model predictions
(Section 4.4). We will show that the agreement betweenmodel and
data is generally quite good based on peak magnitude, position,
and shape. Shape is particularly useful for comparing species that
have significant calibration uncertainties; e.g., the model might ap-
pear to be in disagreement, but if shape and position are in agree-
ment within calibration uncertainty, agreement is considered
good. Likewise, modeling the data with different temperature pro-
files shows that uncertainty in temperature magnitude can shift
the profile position axially, yet the shape is little affected [67].
Points at less than 1 mm from the burner are measurable, but
those data are too distorted for valid comparison to model results.
Having the probe very close to the burner quenches flame chemis-
try and temperatures. Furthermore, feed-gas flow through sintered
metal is not one-dimensional at the surface plane, as flow is only
through interstices between the sintered-metal particles in the
burner surface. Thus, some distance is required for mixing. In the
stoichiometric cyclohexane flame of Ref. [8], data points beginning
from the surface had been reported in the Supplementary data, but
we now judge that the samples from within 1 mm are in a region
unsuitable for comparison to predictions.
In the following discussions, specific percentage values and
rates are given, but numbers can change under different conditions
and/or when more reliable rate constants become available. The
analyses here show that the central finding holds: that multiple
channels to aromatics can occur in the same flame. Specific num-
bers are presented to be helpful for understanding the general rel-
ative contribution from different reactions.
4.1. Major species, temperature, H, O, and OH profiles
Mole-fraction profiles of the major species (H2, H2O, CO, O2, Ar,
CO2, and cyclohexane) are shown in Fig. 1, together with the mea-
sured temperature profile as it is used in the model calculations.
Modeling results for all major species agree quite well with their
respective experimental data for all burner-to-cone distances
extending to 30 mm from the burner surface. Following the Ar
mole-fraction profile from the burner surface, Ar initially decreases
due to dilution by generation of intermediates and their back-dif-
fusion, gradually becoming steady further away from the burner.
Cyclohexane is substantially consumed by 5 mm, with the present
model slightly overpredicting the rate of the cyclohexane decay.
However, measurement uncertainties cannot be ruled out, either.
Large amounts of CO and H2 are formed, with mole fractions of
x(CO)  0.36 and x(H2)  0.25 at 30 mm away from the burner, be-
cause of the fuel-rich conditions. The slight peak in the mole-frac-
tion profile of H2O near 7 mm is predicted accurately.
H-atom, O-atom, and OH are usually the most active radicals in
combustion processes. Therefore, a comparison between their
modeled and experimentally determined mole-fraction profiles,
which is shown in Fig. 2, provides a quality test of the combustion
chemistry model. It is important to note, that the experimental
mole-fraction profile of the H-atom, which unfortunately is rather
noisy, is predicted successfully with our current model. Experi-
mental and modeled mole-fraction profiles of OH also agree quite
well, with the modeling results peaking slightly later. An O-atom
profile has not been measured in this study due to its low concen-
tration in the fuel-rich condition and because any small O-atom
signal is obscured by signal from CH4.
4.2. Benzene, fulvene, and their precursors
The modeled fulvene and benzene mole-fraction profiles are
compared with the experimentally determined profiles of these
C6H6 isomers in Fig. 3. For benzene, the shape and position of the
modeled mole-fraction profile agree well with the experimental
data. The modeled fulvene mole-fraction profile appears to be
somewhat narrower than experimentally determined, although
Fig. 1. Measured temperature profile, as used in the model calculation, and
experimental (symbols) and modeled (lines) mole-fraction profiles of H2, H2O, CO,
O2, Ar, CO2, and cyclohexane in the fuel-rich / = 2.0 cyclohexane/O2/Ar flame.
Fig. 2. Experimental (symbols) and modeled (lines) mole-fraction profiles of H, O,
and OH as function of distance from the burner in the fuel-rich / = 2.0 cyclohexane/
O2/Ar flame. Predicted O is multiplied by 20 to allow visual comparison.
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the profile magnitude matches well. It needs to be pointed out that
a large uncertainty is associated with the experimental magnitude
of fulvene because its photoionization cross section has yet to be
determined.
A comparison of the observed benzene and fulvene mole-frac-
tion profiles for the fuel-rich flame and the stoichiometric flame
(shown later) reveals that the two flames have experimentally
determined benzene mole-fraction profiles with close magnitudes
(x = 5.1  104 at 3.4 mm and 2.7  104 at 1.3 mm for the fuel-
rich and stoichiometric flame, respectively. The peak benzene in
the stoichiometric flame is slightly smaller than Law et al. [8] fol-
lowing re-analysis of the original data). The fuel-rich flame has a
fulvene level about 20 times higher than that in the stoichiometric
flame (x = 3.9  105 at 4.2 mm and 2.3  106 at 1.2 mm); the ful-
vene mole fraction in the stoichiometric flame is almost below the
detection limit of 1 ppm.
C3Hx (x = 4–6) species, which are all interrelated by H additions
and abstractions, can eventually lead to C3H3 (propargyl), a key
precursor for aromatics in many flames [26,34,68,69]. Experimen-
tal and modeled mole-fraction profiles are shown for C3H3, C3H4
(allene and propyne), and C3H5 (allyl) in Fig. 4. For these species,
a generally good agreement between experimental and model re-
sults is observed in respect to shapes, magnitudes, and positions.
C4Hx (x = 3, 5, and 6) species are also possible benzene precur-
sors, given the routes proposed for C4H3, C4H5, and 1,3-C4H6
[26,58,69,70]. Like the C3Hx species, the C4Hx species are interre-
lated by H additions and abstractions. As shown in Fig. 5a, modeled
mole-fraction profiles of the molecular species C4H4 and C4H6,
identified as vinylacetylene and 1,3-butadiene, respectively, have
the same shapes and peak positions as the experimental data;
the predicted maximum mole fractions of those two species agree
with the experimental data within the expected uncertainties; see
also Table 1 for a comparison. Concerning the C4 radical species,
the concentration of C4H3 in the fuel-rich cyclohexane flame is be-
low the detection limit of the mass spectrometer. This small con-
centration of C4H3 might indicate that C4H3 is not an effective
benzene precursor. For C4H5, the experimental data are noisy, but
at about 4 mm above the burner surface, a definite peak, corre-
sponding to a mole fraction of the order of 2–6.5  104 is detect-
able; see Fig. 5b. At this same location, the predicted sum of all
C4H5 mole fractions is peaking, and its magnitude is in good agree-
ment with the experimental data, considering that the cross sec-
tion is unknown. In the present study, the isomers of C4H5 are
not resolved experimentally, but in previous work [71], Hansen
et al. studied the isomeric composition of C4H5 radicals in rich
flames fueled by allene, propyne, cyclopentene, and benzene. The
thermodynamically most stable isomer i-C4H5 was detected, as
well as one or both methyl-substituted propargyl analogs
(CH3CHCCH and CH3CCCH2). The n-C4H5 isomer was not detected
in the study reported in Ref. [71], most likely because of the low
concentration of n-C4H5 implied by thermochemistry and in part
because of the photoionization technique’s predicted low sensitiv-
ity towards this isomer. According to the present modeling results
for the fuel-rich cyclohexane flame studied here, the predicted
mole fractions at 3.7 mm above the burner surface (where the peak
C4H5 occurs) are 6.2  104 for i-C4H5 and 2.9  105 for n-C4H5.
Fig. 3. Experimental (symbols) and modeled (lines) mole-fraction profiles of
benzene and fulvene in the fuel-rich / = 2.0 cyclohexane/O2/Ar flame. Experimental
and modeled mole fractions of fulvene are multiplied by 5 to aid visual comparison.
Fig. 4. Experimental (symbols) and modeled (lines) mole-fraction profiles of: (a) C3H3 and allyl (C3H5), and (b) C3H4 (allene and propyne) in the fuel-rich / = 2.0 cyclohexane/
O2/Ar flame. Experimental and modeled mole-fraction profiles of propyne are multiplied by 2.
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For assessing the role of stepwise dehydrogenation in benzene
formation processes, the mole-fraction profiles of cyclohexene
and cyclohexadiene are valuable as well. As can be seen in Fig. 6,
the model is capable of predicting their shapes, positions, and mag-
nitudes reasonably well. Giving further insight, the dominant iso-
mer experimentally observed at m/z = 80 (C6H8) is 1,3-
cyclohexadiene rather than 1,4-cyclohexadiene.
The possibility of a benzene-formation route through
CH3 + C5H5 (cyclopentadienyl) has theoretical and experimental
support [3,26,72–75]. In this flame, the C5H5 signal is obscured
by background signal. However, C5H6 (cyclopentadiene) is detected
only at low levels (maximum mole fraction of 6  104), implying
even smaller mole fractions for C5H5. Based on the observed low
concentrations of C5H5 and C5H6, we conclude that cyclopentadi-
enyl is not an important benzene precursor in the cyclohexane
flame studied here.
4.3. Other species
Mole-fraction profiles for several small hydrocarbons and oxi-
dation intermediates are presented in Fig. 7. As can be seen, the
experimentally derived profiles are reproduced well by the model
calculations. This observation further supports the reaction set’s
predictive capability and provides additional insight into fuel
destruction and generation of benzene and its precursors.
For methyl and methane (Fig. 7a), the agreement between
experiment and model results is good, although the peak shape
indicates that their predicted consumption is not as fast as exper-
imentally observed. The combustion chemistry model is capable of
predicting profiles for formaldehyde and ketene accurately
(Fig. 7b). Finally, experimental and modeled profile shapes and
positions compare favorably also for acetylene (Fig. 7c), ethyl,
and ethane (Fig. 7d), while ethylene is overpredicted by about
60% and diacetylene by about 50%, possibly due to over-fast
decomposition of the C6H11 isomers that are initial intermediates
of fuel oxidation. Vinyl radicals are not detected because of signal
interferences; however, the vinyl peak mole fraction is predicted to
be 2.6  104 at 4.2 mm above the burner surface.
For both C2H4 and C4H7, kinetically linked via C4H7¢
C2H3 + C2H4, the predicted mole fractions peak nearer the burner
than the experimental data. The peak-location difference could
be due to ethylene formation being too fast in the model as a result
of uncertainty in kinetics and/or temperatures near the burner. In
the model, C2H4 was mainly produced from cyclohexyl¢
C2H4 + C4H7, hex-5-en-1-yl¢ C2H4 + C4H7, H + 1,3-C4H6¢ C2H3 +
C2H4, C4H7¢ C2H3 + C2H4, and C2H5 dehydrogenation. Experimen-
tal uncertainty about the sampling shift cannot be ruled out as an
explanation, although it must be applied to all species profiles.
4.4. Stoichiometric flame
For checking consistency, the model’s predictive capabilities are
also tested by modeling the stoichiometric-flame data of Law et al.
[8]. A comparison for experimental and modeled mole-fraction
profiles of all major species (H2, H2O, CO, O2, Ar, CO2, cyclohexane)
is shown in Fig. 8. For this flame, all experimental mole-fraction
profiles are shifted 1.6 mm towards the burner to account for
probe perturbation. After this shift is applied, these predictions
Fig. 5. Experimental (symbols) and modeled (lines) mole-fraction profiles of: (a) C4H4 (vinylacetylene) and C4H6 (1,3-butadiene) and (b) C4H5 in the fuel-rich / = 2.0
cyclohexane/O2/Ar flame. In (a), the experimental and modeled mole fractions of vinylacetylene are multiplied by 5 to aid visual comparison and in (b) the predicted
individual contributions of i-C4H5 (dotted line) and n-C4H5 (dashed line) are shown together with the sum of all C4H5 isomers.
Fig. 6. Experimental (symbols) and modeled (lines) mole-fraction profiles of cyclic
C6 compounds relevant for stepwise dehydrogenation in the fuel-rich / = 2.0
cyclohexane/O2/Ar flame. Experimental and modeled mole fractions of cyclohexane
are scaled down by a factor of 1/40 and the mole fractions of 1,3-cyclohexadiene are
scaled up by a factor of 10 for ease of visual comparison.
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agree extremely well in magnitude, shape, and position with the
experimental results. Even subtle data features are predicted like
the slight peak in the H2O profile and the pronounced peaks of
the H2 and CO mole-fraction profiles near 2 mm above the burner
surface.
The comparison between experiment and model results is also
reasonable for many other species in this flame, considering both
the model and experimental uncertainties. For example, mole-frac-
tion profiles are shown in Fig. 9 for cyclic C6Hx (x = 6, 8, 10, 12) spe-
cies relevant to the stepwise dehydrogenation process and the
commonly considered small-radical benzene precursors (C3H3, al-
lyl, and C4H5). The mole-fraction profile of allyl is underpredicted
by 50%, mole fractions of propargyl C3H3 are overpredicted by
about 80%, and mole fractions of C4H5 appear to be overpredicted
by a factor of three; however, the general shapes and peak posi-
tions for these profiles are predicted reasonably well; see Fig. 9b.
Peaks for the cyclohexene and 1,3-cyclohexadiene profiles are
too close to the burner surface to be detected experimentally.
However, the predicted consumption curves for these species
match the experimental data quite reasonably for distances be-
yond 0.5 mm from the burner surface. The mole-fraction profile
of benzene in this stoichiometric flame is predicted accurately with
the current model.
Uncertainties in the model can cause the discrepancies in mag-
nitude, but two experimental arguments can also be offered. First,
the photoionization cross sections are unknown for C4Hx isomers.
Second, the stoichiometric flame is thin, and the species profiles
of most intermediates are very close to the burner surface, where
probe perturbation is most significant.
Although overpredicting mole fractions of the benzene precur-
sors C3H3, allyl, and C4H5 could cause overprediction of their con-
tributions to benzene formation, analysis shows that these routes
do not make important contributions in the stoichiometric flame.
5. Flame chemistry insights
The favorable agreement of the modeling results with the
experimental data for so many species in the two different cyclo-
hexane flames confirms the predictive capabilities of the reaction
set proposed here. An analysis of the modeling results identifies
dominant reaction pathways and also reveals sensitivities to the
Fig. 7. Experimental (symbols) and modeled (lines) mole-fraction profiles of small hydrocarbons and oxidation intermediates in the fuel-rich / = 2.0 cyclohexane/O2/Ar
flame: (a) CH3 and CH4, (b) CH2O and CH2CO (both experiment and model results scaled up by a factor of 10), (c) C2H2, C2H4, and C4H2 (experimental and modeled results
scaled up by a factor of 2), and (d) C2H5 and C2H6.
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multiple reaction pathways discussed in Ref. [3] and those newly
identified here.
This section is organized as follows: First, we present the reac-
tion path analysis for benzene formation and consumption for the
fuel-rich cyclohexane/O2/Ar flame. We then compare these results
with the reaction paths for benzene formation in the stoichiome-
tric flame of Ref. [8]. Next, we discuss how the specific flame con-
ditions (temperature, radical pool, etc.) influence the fuel
consumption and the formation of the benzene precursors. Finally,
we discuss the conclusions regarding the detailed chemistry of the
two flames with respect to mechanistic details of the small-hydro-
carbon chemistry and to the temperature profile. As will be shown,
the differences on how benzene is formed in the two flames are
due to the two different stoichiometries.
5.1. Pathways to benzene
Benzene and the phenyl radical are thought to be key building
blocks for polycyclic aromatic hydrocarbons and soot. It is now
well accepted that resonantly stabilized small radicals are critical
elements of the gas-phase chemistry producing aromatic species
[26,34,68,69]. In combustion chemistry studies, the importance
of the propargyl radical is usually highlighted because its reaction
with another propargyl appears to be the main source of the ‘‘first
aromatic ring’’ in most flames burning aliphatic fuels. In some
flames, benzene can also result from H-assisted isomerization of
fulvene by H + fulvene¢ H + benzene, where fulvene is formed
from C3H3 + C3H3 [54], C3H3 + allyl [60,76], and/or i-C4H5 + C2H2
[55,59]. Non-resonantly stabilized radicals have not been found
to contribute significantly to benzene formation in combustion
environments.
Multiple benzene-formation steps occur at comparable rates in
the fuel-rich cyclohexane flame studied here, in contrast to the
stoichiometric cyclohexane flame of Ref. [8]. It is important to note
that for any comparison such as in this study, experimental and
modeling uncertainties will affect the precise contributions. How-
ever, the present results provide a strong case for the structural
and quantitative validity of the present data and model.
For the fuel-rich cyclohexane flame, pathways leading to and
consuming benzene are summarized graphically in Fig. 10a. The
figure shows reaction-specific molar rates of benzene formation
and destruction within the flame zone. Note that axial diffusion
is significant, so positions do not necessarily correlate with time
as they do in a plug-flow reactor. However, the positions do corre-
spond to a rising temperature, reaching a maximum temperature
at 10 mm away from the burner surface, which is beyond the range
of the graph in Fig. 10a.
Immediately, it is apparent that multiple reactions seem to be
responsible for benzene formation. The model predicts a total of
seven reactions that form benzene (shown as C6H6) and five
reactions that consume it. By inspection, the highest formation
rates are from 1,3-cyclohexadiene¢ C6H6 + H2, cyclohexadienyl
(c-C6H7)¢ C6H6 + H, and fulvene + H¢ C6H6 + H. The C3H3 +
C3H3¢ C6H6 reaction forms benzene at positions less than
4.5 mm away from the burner and destroys it at larger distances.
Fig. 8. Experimental (symbols) and modeled (lines) mole-fraction profiles of the
major species (H2, H2O, CO, O2, Ar, CO2, cyclohexane) in / = 1.0 cyclohexane/O2/Ar
flame of Ref. [8]. Experimental results are shifted 1.6 mm towards the burner
surface, and Ar is scaled down by 0.5.
Fig. 9. (a) Modeled (lines) and experimental (symbols) mole fractions of cyclic C6 species (cyclohexane, cyclohexene, cyclohexadiene, and benzene) relevant to sequential
dehydrogenation processes in the stoichiometric / = 1.0 cyclohexane/O2/Ar flame. Experimental and modeled mole-fraction profiles of cyclohexane are scaled down by a
factor of 10, mole fractions of 1,3-cyclohexadiene and benzene are scaled up by a factor of 10. (b) Modeled (lines) and experimental (symbols) mole fractions of the commonly
considered benzene precursors C3H3, allyl (C3H5), and C4H5 (scaled up by 10).
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A complementary picture of reaction pathways comes by inte-
grating each reaction rate in the set through the flame, obtaining
their cumulative contributions to benzene formation. Using the
predicted mole-fraction profiles and the model’s rate constants,
molar rates of benzene formation or consumption from each reac-
tion can be calculated along the flow axis. Their integration pro-
vides the cumulative contribution.
For the fuel-rich flame, these results are shown in Fig. 11a. The
thicknesses of the arrows in Fig. 11 are computed from the model
predictions and are shown relative to the molar benzene formation
rate from cyclohexadienyl in the stoichiometric flame (see below);
the only exception is the open arrow in Fig. 11a that represents i-
C4H5 + H¢ C3H3 + CH3, whose reaction flux is too large to be
shown (about 15 times that of cyclohexadienyl¢ C6H6 + H in stoi-
chiometric flame). The benzene-pathway diagram for the fuel-rich
flame, Fig. 11a, shows that 1,3-cyclohexadiene is the common ori-
gin of the two main benzene-formation pathways: H-abstraction
to form the cyclohexadienyl that decomposes to benzene + H
(21% of benzene formation) and direct decomposition to ben-
zene + H2 (30%). The rate coefficient used for ‘‘direct’’ decomposi-
tion of 1,3-cyclohexadiene is based on isomerization/
decomposition of 1,3-cyclohexadiene via a 1,4-cyclohexadiene
structure, which decomposes to benzene over a lower barrier with-
out forming a thermalized 1,4-cyclohexadiene intermediate [61].
H2 elimination from 1,4-cyclohexadiene itself, which is a lower-
activation-energy process than from 1,3-cyclohexadiene, is not
found to be important here because of the fuel-specific breakdown
steps. In short, hydrogen is abstracted from cyclohexene preferen-
tially at the allylic position, leading to a resonantly stabilized cyclo-
hexenyl radical, which subsequently forms 1,3-cyclohexadiene.
1,4-Cyclohexadiene is not generated so easily, as it would have
to be generated by H-abstraction from the non-allylic position in
cyclohexene. Thus, 1,4-cyclohexadiene is only formed in insignifi-
cant amounts.
As shown in Figs. 10a and 11a, the next most important reaction
contributing to benzene formation is the fulvene + H reaction,
which produces 21% of the benzene according to the model. Anal-
ysis shows that fulvene is formed mostly by i-C4H5 + C2H2¢ ful-
vene + H (resulting in 7% of the benzene formation) and
C3H3 + C3H5¢ fulvene + 2H (6%), with additional contributions
from n-C4H5 + C2H2¢ fulvene + H (3%), and 2C3H3¢ fulvene (3%).
Thus, C3H3 makes benzene both directly and indirectly. The di-
rect reaction 2C3H3¢ benzene is predicted to contribute 8% of
benzene formation in the fuel-rich flame. Including the C3H3-based
fulvene routes, C3H3 reactions represent a total of 11% of the ben-
zene formation. Although it is considered in Fig. 10a, the
phenyl + H¢ benzene channel is not a source for benzene here,
as virtually all of the phenyl is predicted instead to be produced
by benzene oxidation via H-abstractions.
A predicted contribution of n-C4H5 + C2H2¢ benzene + H (6% of
the total benzene formation in the fuel-rich flame) is small but
could be significant. As pointed out earlier, non-resonantly stabi-
lized radicals like n-C4H5 are normally not found to be of impor-
tance for benzene formation. However, two possible reasons for
the greater apparent significance of n-C4H5 in the fuel-rich cyclo-
hexane flame are that: (1) 1,3-butadiene is formed rapidly in the
high-temperature reaction zone by fuel destruction and (2) there
is a fuel-specific n-C4H5 formation path from fuel destruction. As
in many flames, n-C4H5 is primarily formed by H-abstraction from
1,3-butadiene, which actually favors i-C4H5 formation [55], or vinyl
addition to acetylene. However, unlike a 1,3-butadiene-fueled
flame where the butadiene is being destroyed throughout the
flame or other flames where butadiene is a relatively minor inter-
mediate, butadiene is being generated as a principal intermediate
in just the region where n-C4H5 and i-C4H5 can participate most
effectively in benzene formation. Also in the cyclohexane flame,
the allylic cyclohexenyl radical can undergo a ring-opening and
form a linear hexa-3,5-dienyl (CH2@CHACH@CHACH2ACH2) radi-
cal, which can dissociate by b-scission into n-C4H5 + C2H4. The pre-
dicted significance of n-C4H5 could be affected by uncertainty in
the H-assisted isomerization of n-C4H5 to form i-C4H5 or by other
n-C4H5 consumption reactions, as already speculated in Ref. [55],
in which a very similar model was used. The formation chemistry
of the benzene precursors is discussed in more detail in Section 5.2.
Other reactions are predicted to contribute to benzene forma-
tion in small amounts. According to the modeling results, the reac-
tion of 1,3-C4H6 (1,3-butadiene) with C2H3 (vinyl) provides 3% of
all benzene in this flame. The n-C4H3 + C2H3 reaction also contrib-
utes 3% to the overall benzene formation. Although these reactions
are indicated in Fig. 10a, they do not appear in Fig. 11a because of
their small overall contribution to the observed benzene levels.
Benzene in this flame is mainly consumed by reactions with H
and OH to form C6H5 (phenyl) and with O to form C6H5O (phen-
oxy), as shown in Figs. 10a and 11a. Some benzene and phenyl
are converted to toluene. Phenyl, phenoxy, and toluene are then
destroyed by other reactions, although at these rich conditions, sig-
nificant amounts of phenyl and toluene react to form higher-
molecular-weight species.
Using the same, updatedmodel as for the rich flame, an identical
reaction-rate analysis is made for the stoichiometric cyclohexane
Fig. 10. Molar rates of production and consumption of benzene as computed from
model predictions of cyclohexane/O2/Ar flames: (a) fuel-rich, / = 2.0, and (b)
stoichiometric, / = 1.0.
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flame studied previously [8]. The conclusions, which do not differ
significantly from the previous studies [8,21], are summarized
graphically in Figs. 10b and 11b. The modeling results indicate that
only one reactionmakes upmost of the benzene formation: thermal
decomposition of cyclohexadienyl forming C6H6 + H. Close to the
burner surface, c-C6H7 also contributes via its oxidation reaction
with O2. A total of 86% of the benzene formation is from cyclohexa-
dienyl. Another 9% comes fromH2 elimination from the dehydroge-
nation intermediate 1,3-cyclohexadiene. It would appear from
Fig. 10b that a small contribution arises from C6H5OH + H¢ -
C6H6 + OH. However, this reaction is in effect a phenyl recycling
step, diverting part of the phenoxy radical that represents the main
phenyl destruction path as shown in Fig. 11b. A similar small recycle
of phenyl comes through toluene + H. As in the fuel-rich flame, ben-
zene is oxidized by reactions with H, O, and OH, forming phenyl and
phenoxy. Finally, by comparing arrow thicknesses in Figs. 11a and b,
the absolute benzene formation rate can be seen to be higher in the
fuel-rich flame than in the stoichiometric flame.
In summary, the model identified that multiple routes to ben-
zene co-exist in cyclohexane flames. In agreement with recent
studies [8,21], the stepwise dehydrogenation with cyclohexadienyl
decomposition as its final step is dominant at stoichiometric con-
ditions. This particular benzene-formation route is joined in the
fuel-rich flame by direct 1,3-cyclohexadiene decomposition and
by small-radical chemistry including i-C4H5, C3H3, allyl, and possi-
bly n-C4H5.
5.2. Pathways of fuel consumption and benzene precursor formation
For both the fuel-rich and the stoichiometric cyclohexane
flames, the predicted fuel consumption and benzene precursor for-
mation paths are discussed here using Fig. 12. In this figure, the
thickness of the solid arrows is proportional to the reaction’s inte-
grated rate of molar flux, relative to the conversion rate of cyclo-
hexane in the stoichiometric flame. Low integrated rates are
shown as dashed lines if they are still 5% of the cyclohexane con-
version rate.
As indicated in Fig. 12, in both the stoichiometric and the fuel-
rich flames, fuel consumption is mainly initiated by an H-abstrac-
tion step forming cyclohexyl from cyclohexane. In the fuel-rich
flame, a small amount of cyclohexane isomerizes to 1-hexene,
which dissociates to make allyl and n-propyl [17]. Allyl radicals un-
dergo further dehydrogenation processes and can eventually lead
to C3H3 via C3H4 (allene and propyne), as indicated in Fig. 12a.
In both cyclohexane flames,most of the cyclohexyl b-scissions to
form hex-5-enyl (CH2ACH2ACH2ACH2ACH@CH2). The fate of this
linear radical is slightly different in the two flames. Decomposition
to C2H4 + but-3-enyl (CH2ACH2ACH@CH2) and isomerization to
the allylic hex-1-en-3-yl (CH2@CHACHACH2ACH2ACH3) are
equally contributing in the fuel-rich flame. In the stoichiometric
flame, isomerization ismore important than decomposition. In both
flames, the allylic hex-1-en-3-yl (CH2@CHACHACH2ACH2ACH3)
undergoes a b-scission to 1,3-butadiene + C2H5 (ethyl). Conversion
of but-3-enyl (CH2ACH2ACH@CH2) to 1,3-butadiene is more
important in the fuel-rich flame, thus largely re-balancing the two
C4 routes. Although not shown in Fig. 12, in subsequent steps, but-
3-enyl (CH2ACH2ACH@CH2) and 1,3-butadiene both make
C2H4 + C2H3, the first by b-scission and the second by chemically
activated H addition. In both flames, C4H5 isomer radicals (n-C4H5,
CH2@CHACH@CH and i-C4H5, CH2@CHACH@CH2) are largely pro-
duced by H-abstraction reactions from 1,3-butadiene. In the fuel-
rich flame, contributions towards n-C4H5 also arise from b-scission
of the CH2@CHACH@CHACH2ACH2 radical, as discussed above.
This process, which is initiated by stepwise dehydrogenation of
cyclohexane and ring-opening of the cyclohexenyl radical is indi-
cated on the left side of Fig. 12a. The n-C4H5 isomers largely undergo
H-assisted isomerization to form i-C4H5, and eventually the H + i-
C4H5 reaction leads to C3H3 + CH3.
Although the diagrams in Fig. 12 focus only on the pyrolysis
mechanisms leading toward benzene precursors, the oxidation
steps and the differing radical pools in both flames subtly influence
the mixture of benzene-formation paths. In the fuel-rich flame, H-
atom is the dominant radical species, and the concentration of OH
is an order of magnitude lower (Fig. 2). H and OH mainly abstract
H-atoms, but H and sometimes OH may as well combine with
hydrocarbons to fragment them by chemically activated routes;
H + 1,3-butadiene¢ C2H3 + C2H4 is an example. The higher O-
atom mole fraction in the stoichiometric flame, relative to the
fuel-rich flame, is the key to oxidizing p-bonds of alkenes and aro-
matics. The low O-atom mole fraction at the fuel-rich condition
hinders such oxidation reactions and allows p-bonded species to
participate in molecular-weight-growth reactions. Oxidation steps
also compete in consuming the major molecular and radical inter-
mediates, including CH3, C2H2, C2H3, C2H4, and 1,3-butadiene. For
example, in the fuel-rich flame, one-third of C2H3 is destroyed by
O2. The competition between pyrolysis and oxidation steps affects
the formation of benzene precursors. The modeling results predict
that allyl radicals, which are commonly considered benzene
Fig. 11. Reaction-path diagrams for integrated molar production and consumption of benzene in cyclohexane/O2/Ar flames: (a) fuel-rich, / = 2.0, and (b) stoichiometric, /
= 1.0. Arrow thicknesses are computed from model predictions, shown relative to the benzene formation rate from cyclohexadienyl in the stoichiometric flame.
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precursors, are mostly formed by oxidation through but-3-enyl +
HO2 and 1,3-butadiene + OH and O. Furthermore, a small amount
of oxygen can promote benzene formation, by formation of C3H3
in the fuel-rich flame through reaction of C2H2 + 1CH2, where sin-
glet CH2 is produced by C2H2 + O. As illustrated in Fig. 12a, the larg-
est source of C3H3 in this flame (27%) is C2H2 + singlet and triplet
CH2, but next (21%) is i-C4H5 + H¢ C3H3 + CH3, so part of the
C3H3 contribution to benzene must be attributed to i-C4H5.
5.3. Sensitivity to details of the small-hydrocarbon chemistry and the
temperature profile
Despite generally good agreement between the prediction
and experiment, it is reasonable to question whether the mech-
anistic conclusions discussed above stem from the particular
model and whether the products and pathway differences are
due to temperature instead of stoichiometry effect. These ques-
tions are answered by two types of simulations: (1) examining
effects of differences in small-molecule kinetics by replacing
the non-C6Hx reactions with the reaction set of Miller from
Ref. [55] and (2) examining the effects of temperature-profile
uncertainties by switching the temperature profiles to use the
fuel-rich temperature profile for the stoichiometric flame and
vice versa. The key findings of these tested simulations are dis-
cussed below.
First, using the correct temperature profiles with the Miller
model [55] gives predictions in good agreement with the present
model about the pathways important for fuel consumption and
benzene formation, both at / = 1.0 and 2.0. In the stoichiometric
flame, benzene is dominantly produced from the gradual dehydro-
genation of cyclo-C6 species; while in the fuel-rich flame, benzene
is produced from the mix of stepwise dehydrogenation and small-
radical-based growth chemistry. The same roles of i-C4H5, C3H3, al-
lyl, and n-C4H5 are also borne out quantitatively.
Fig. 12. Reaction-path diagrams for integrated fuel consumption and benzene precursor pathways in cyclohexane/O2/Ar flames: (a) fuel-rich, / = 2.0, and (b) stoichiometric,
/ = 1.0. Oxidation steps are generally not shown. The thickness of the solid arrows is proportional to the destruction rate of cyclohexane. Low integrated rates are shown as
dashed lines if they are significant but less than 5% of the overall rate.
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Second, the switched temperature profiles cause almost no
change for the pathways of fuel consumption and benzene forma-
tion and the effects of stoichiometry. In the stoichiometric flame,
cyclohexane still goes solely to cyclohexyl via H-abstractions, and
in the fuel-rich flame a small amount goes through isomerization
to 1-hexene. Additionally, benzene formation is still dominated
by stepwise dehydrogenation in the stoichiometric flame, while
for the fuel-rich flame, the same mix of benzene-formation path-
ways occurs as in the base modeling.
This analysis shows that the change toward multiple pathways
to benzene in the fuel-rich flame is caused by the richness of the
feed mixture. Lower concentration of OH radical at the fuel-rich
condition makes OH + CO¢ H + CO2 and OH + H2¢ H + H2O
slower, causing slower heat release. Furthermore, the low concen-
trations of O-atoms at the fuel-rich condition reduces the oxidation
rate of species containing p-bonds. In combination, these effects
cause greater standoff of the reaction zone from the burner. As
shown in Fig. 10, the peak rate of benzene formation is
9.0  107 mol/cm3/s at 1.5 mm and about 1200 K for the stoichi-
ometric flame and 4.5  107 mol/cm3/s at 3.8 mm and 1600 K
for the fuel-rich flame. Thus, for the fuel-rich flame, benzene for-
mation is delayed until higher temperatures, which causes the
high-activation-energy decomposition of 1,3-cyclohexadiene to
form benzene + H2 to be more important at / = 2.0. In addition,
at that point, mole fractions of i-C4H5, C3H3, allyl, and n-C4H5 are
much higher as mentioned above, so their reactions contribute
more to benzene formation under fuel-rich conditions.
6. Conclusions
Building on recent work by Hansen et al. [3] showing effects of
fuel structure on the significance of different benzene-formation
pathways, this research establishes the presence of multiple path-
ways to benzene in a fuel-rich, low-pressure cyclohexane flame,
analyzed with VUV-photoionization molecular-beam mass spec-
trometry. A new reaction set for cyclohexane combustion gives
good general agreement with the new data and with data from a
previously studied stoichiometric cyclohexane flame [8]. Reaction
path analysis shows that stepwise H-abstraction and loss from
cyclohexane represent the most important benzene-formation
route in both flames. Under the stoichiometric conditions reinves-
tigated here, cyclohexadienyl (c-C6H7) decomposition accounts for
almost all benzene formed, while both cyclohexadienyl decompo-
sition and the 1,3-cyclohexadiene¢ benzene + H2 reaction con-
tribute at the fuel-rich condition. Additional reactions that
become more important at the fuel-rich conditions are i-
C4H5 + C2H2 and C3H3 + allyl through fulvene and the C3H3 + C3H3
reaction. The potential role of n-C4H5 through the reactions n-
C4H5 + C2H2¢ benzene/fulvene + H reaction is explained by cyclo-
hexane-specific fuel effects.
The results presented here suggest that cycloalkane combustion
and benzene formation may be modeled successfully through care-
ful application of kinetics analogies from acyclic alkanes. In both
cases, fuel consumption is generally initiated by H-abstraction, as
there are no p-bonds in alkanes and cycloalkanes. The resulting
radicals then break the weakest bond, which normally is in b-posi-
tion to the original radical site. Because of the higher bond energy
of CAH versus CAC bonds, typically a CAC bond breaks, although
CAH b-scissions can also contribute. As small alkenes are gener-
ated, they can be oxidized, especially by O-atoms, in competition
with further abstractions (facilitated by new, weaker allylic CAH
bonds) and further b-scissions.
In summary, the important benzene-formation differences for
cycloalkanes vs. acyclic alkanes are fuel-dependent differences in
kinetics. The principal alkyl decomposition routes for acyclic al-
kanes and cycloalkanes lead to small-radical benzene precursors
like C3H3, allyl, and n-/i-C4H5 isomers, providing pathways to
benzene. However, for cycloalkanes, the secondary route of CAH
b-scission maintains a cyclic structure that does not have to be
rebuilt. Furthermore, the resulting cycloalkene has four allylic
hydrogens that may be abstracted easily, and the ring-dehydroge-
nation steps can continue, to 1,3-cyclohexadiene and benzene in
the case of cyclohexane. An additional cyclo-C6-specific reaction
is pericyclic elimination of H2 from cyclohexene and cyclohexadi-
ene. Thus, in the fuel-rich cyclohexane flame, the dominant
stepwise ring dehydrogenation routes proceed in parallel to
small-molecule formation of aromatic rings.
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